Observation of visualized flow of capillary entry flow of a mobile viscoelastic polymer solution, PAA/W, shows that the appearance of inflow region is quite similar to a Newtonian jet, and influence of the reservoir bottom where the capillary is attached is insignificant as the case of the nozzle wall on the Newtonian jet. The boundary layer approximation is applied to the viscoelastic capillary entry flow in analogy with the Newtonian jet, in order to give a method to predict the contour and growth of inflow region length L δ . Uni-axial elongational viscosity is estimated by comparing the analytical result of L δ with the experimental values in steady flow. Prediction of the length and contour of inflow region of PAA/W by the analytical method is shown to agree well with experimental observation.
INTRODUCTION
Flows in an abruptly contracting tubular pipe, and a channel composed of a reservoir and a circular pipe attached to the reservoir bottom are frequently used in practical application such as injection of plastic materials and fiber spinning of polymeric filament. In such flows elasticity of fluid can have dominant effect because a fluid element is elongated unsteadily due to the abrupt contraction even when the flow field itself is steady.
Because of its practical importance, many works have been carried out on viscoelastic fluid flows in a contracting channel, mainly on steady flow with a certain limited value of contraction ratio. [1] [2] [3] Fig. 1 shows the flow patterns of a Newtonian fluid flowing into a capillary, i.e. the downstream pipe diameter is small enough compared with the dimension of the upstream reservoir to make influence of the side and upstream walls of the reservoir virtually negligible. In Fig. 1(a) , where the capillary entrance is flush with the reservoir bottom, all the streamlines are radially converging to the capillary entrance and the contraction angle of the inflow region is 180 degrees bounded by the bottom wall. In Fig. 1(b) , where the entrance of the capillary is protruding from the bottom with the height-to-diameter ratio s/d = 15, the inflow region is confined in a conical region with an apex angle around 120 degrees surrounded by a vortex ring, being free from influence of bottom wall. 4) In contrast, a viscoelastic capillary entry flow forms a narrow inflow region surrounded by a vortex ring as seen . Hence, this resemblance can be attributed to the fact that the both flows are driven by a point source of momentum at the origin, i.e. the capillary entrance or the nozzle mouth, in semi-infinite fluid at rest.
While upward momentum is supplied by the fluid issuing from the nozzle in Fig. 2 (b) , downward momentum is sucked out from the capillary entrance in Fig. 2 (a) by the elongational tensile force working as a "negative momentum source".
The specific aim of the present work is to present a new analytical method to predict the contour and length of the inflow region of a viscoelastic capillary entry flow based on the boundary layer approximation which has been successfully applied to the Newtonian jet. Based on the observation of flow as shown in Fig. 2 (a) , the flow field is assumed to be axisymmetric and simplified as (1-a) Although fluid outside the inflow region is dragged by the shear stress, it is assumed to be at rest for simplicity. Then, where P d is the driving pressure.
Boundary Layer Approximation and Momentum Equations
By applying the condition given by the inequation (3) Although the procedure to derive Eqs. (7)∼(9-a, b, c) is tedious, it is not given here since it is straightforward and the physical meaning of the Eq. (7) is quite clear (see Fig. 3 ). In addition to Eq. (7) 
EXPERIMENTAL APPARATUS AND TEST FLUIDS

Test Channel
The test channel is composed of a transparent square cross 
Experimental Procedure and Measurement
At the beginning of every experimental run, the test fluid filling the reservoir to the depth of 180 mm is kept at rest for a while under a pressure of compressed air or natural head, and then a valve below the capillary is quickly opened at time t = 0 to start the flow. The driving pressure P d , the total of the natural head pressure and the pressure of the compressed air, is kept
(6-a) 
Test Fluids
An aqueous solution of polyacrylamide with a concentration of 0.2 wt% (PAA/W), the same solution as in Fig. 2(a 
EXPERIMENTAL RESULTS
Newtonian Fluid (RS/W)
Photographs in Fig 
Viscoelastic Fluid (PAA/W)
Development of inflow region
Development of flow pattern of PAA/W upstream of the capillary entrance is shown in Fig. 6 for the two cases of s/d. 
the inflow region is seen to rise 1.5 s < t< 8 s in both cases.
The streamline giving the contour of the inflow region is determined by image processing as shown in Fig. 7 , where digitized images are superimposed over the time t = 3.5−4 s.
The streamlines passing the edges of entrance are approximated by the curve given by
The parameter L δ is determined by fitting Eq. (14) so as to make the particle traces in the image to be tangent of the curve as seen in Fig. 7 . Figure 8 (a) shows the development of inflow region for the two cases of s/d. Although the terminal height of the inflow region agrees well, significant difference is observed between the two cases when 2 s<t <4 s. This may be attributed to rather scattered particle traces in the original photographs. 
Transient behavior of flowrate and velocity
Entry pressure loss and velocity in steady flow
The driving pressure P d , the capillary pressure loss of developed flow P cap calculated using the power law given by 
DISCUSSIONS ON STEADY ENTRY FLOW
Based on the LDV measurement, the flow at the entrance is regarded as the uni-axial elongation flow. From Eq. (14), the elongational rate ε • at the entrance and the uni-axial elongational viscosity η e are written as where T 2 is the tensile force at the entrance.
When m 2 is negligibly small, Eq. (7) By giving a constant value to the elongational viscosity, the relationship between the flowrate and the length of the inflow region in steady flow is calculated using Eqs. (7) and (10) In principle, Eqs. (7) and (10) , and singularity at the time t = 0.
